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The space environment raises many challenges for new materials
development and ground characterization. These environmental hazards in
space include solar radiation, energetic particles, vacuum, micrometeoroids
and debris, and space plasma. In low Earth orbits, there is also a signifi-
cant concentration of highly reactive atomic oxygen (AO). This Progress
Report focuses on the development of space-durable polyimide (Pl)-based
materials and nanocomposites and their testing under simulated space
environment. Commercial Pls suffer from AO-induced erosion and surface
electric charging. Modified Pls and Pl-based nanocomposites are developed
and tested to resist degradation in space. The durability of Pls in AO is
successfully increased by addition of polyhedral oligomeric silsesquioxane.
Conductive materials are prepared based on composites of Pl and either
carbon nanotube (CNT) sheets or 3D-graphene structures. 3D PI structures,
which can expand PI space applications, made by either additive manu-

Materials development is driven by
performance improvement, weight reduc-
tion, and cost reduction. The key issues
to be addressed, depending on a specific
application, may include, among others,
mechanical properties, weight, volatility,
thermal stability, chemical reactivity, and,
most importantly, durability in an antici-
pated space environment.

The effects of space environment on
materials have been reviewed before.l>-¢!
Ground- and space-borne experiments
have shown that prolonged exposure of
spacecraft materials to the space environ-
ment leads to degraded thermal, electrical,
mechanical, and optical systems perfor-
mance, which can significantly affect the

facturing (AM) or thermoforming, are presented. The selection of AM-pro-
cessable engineering polymers in general, and Pls in particular, is relatively
limited. Here, innovative preliminary results of a Pl-based material processed

by the Poly)et technology are presented.

1. Introduction

Most of the materials development for the space industry took
place in the 1960s, following the beginning of the space era in
October 1957, when Sputnik (“Satellite 1”) was launched by
the Soviet Union. Since then, space programs have developed
in various directions and applications, including various Earth
orbits and interplanetary missions. Earth orbits are categorized
as low Earth orbit (LEO), at 200-800 km, geostationary Earth
orbit (GEO), 36 000 km above the equator, and medium Earth
orbit (MEO), which is between LEO and GEO.! Each orbit is
intended for specific applications, such as communication,
navigation, and Earth observation satellites.
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overall mission success, and possibly
result in early mission failure.['278]
Materials used in space are exposed to var-
ious hazards, including ultrahigh vacuum
(UHV), ultraviolet (UV) radiation, ionizing
radiation (namely, energetic electrons,
protons, and heavy ions), as well as micro-
meteoroids and debris.'31 UHV introduces special concerns
about outgassing of polymer-based materials. Outgassing gives
rise to molecular contamination, an important phenomenon
that can limit mission performance.’! Atomic oxygen (AO) is
an important factor in LEO; it is the most significant cause of
deterioration of many spacecraft materials, such as polymers
and optical coatings.'>1011 There are other environmental
effects, such as charging (electrostatic discharge effects) and
thermal cycles, typically between —100 and 100 °C. Charging
of the spacecraft external surfaces is especially critical in GEO,
where communication satellites typically operate.!!

AO forms as a result of UV-induced dissociation of mole-
cular oxygen. AO is most abundant in LEO and is harmful to
the satellite exteriors due to oxidation and erosion.''?l While
the oxygen atoms are thermal and of low density (=10% cm™),
their collisions with the exteriors of space vehicles that orbit
at a velocity of 8 km s7! are equivalent to an impact energy of
=4.5-5 eV and a flux of 10'*-10" O-atoms cm™ s7'. The AO
flux is influenced by the altitude, the solar activity variation, the
orbital inclination, and the time of year; therefore, it is particu-
larly challenging to predict the AO flux.

The increased human space activity has created numerous
hypervelocity objects, namely space debris. The amount of
space debris is steadily increasing over time; nowadays we can
account for more than 18 000 large (10 cm and above) objects
and uncounted number of smaller ones.'3 These, along with

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.201807738&domain=pdf&date_stamp=2019-02-25

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

naturally existing ultrahigh-velocity meteoroids, pose a substan-
tial threat to spacecraft. The collision velocities of space debris
vary between 3 and 15 km s7!, with an average of =10 km s~1.['4
Collisions with space debris or meteoroids might end in
damage or complete failure of external units, such as solar cells,
affect the properties and performance of materials, contaminate
optical devices, or even destroy satellites. Such collisions
typically result in formation of new debris, thus increasing the
risk to future missions.

The space environment affects all materials and systems of
the satellite; however, external components, including thermal
blankets, thermal control coatings, and optical sensors, are
most affected by its individual constituents and their synergistic
effects. Thus, the key for the development of novel materials
for space applications is thorough ground durability testing in
order to avoid failures in the real space environment.

This progress report describes mainly polyimide (PI) modifi-
cations to withstand the effects of AO and electrical charging, as
well as the use of novel technologies to produce novel PI-based
materials and their 3D structures for space applications. These
include conductive composite materials based on PI infiltration
into carbon nanotube (CNT) sheets or 3D-graphene structures;
hybrid self-passivating PIs; thermoformed 3D PI structures;
and 3D printing of PIs, including our groundbreaking results
on 3D printing by the PolyJet technology.

2. Polyimides

Polyimides are very promising engineering polymers, exhib-
iting high-temperature resistance, low-temperature tolerance,
outstanding mechanical properties, chemical and radiation
resistance, flexibility, and excellent dielectric properties. The
reputation of PIs has been established on the basis of excep-
tional properties and versatility unparalleled by most other
classes of macromolecules. There are both thermosetting and
thermoplastic PIs. PI synthesis routes include polycondensa-
tion or addition mechanisms. The number of PI monomer pre-
cursors is huge; the structure-property relationship is in many
cases not fully predictable, and the range of applications is enor-
mous. There are many published comprehensive works on PIs’
chemistry, synthesis, characterization, and applications.[>-24
Since the first synthesis of PIs pioneered by chemists at
Dupont in the 1950s, and to this day, they have turned into real
high-performance materials for use in advanced engineering
applications, particularly in the microelectronics and aerospace
industries. Space applications use most often aromatic Pls.
Kapton is prepared through condensation polymerization of
pyromellitic dianhydride (PMDA) and oxydianiline (ODA) (see
inset (a) in Figure 1). It is commonly used as thermal blankets,
i.e., the external layers in a multilayer insulator (MLI) struc-
ture, that insulate satellites from the solar radiation.*?) Flexible
solar arrays, matrix resin for composites, coatings, and high-
temperature adhesives are just a few examples of common PI
applications.[1>16:22.24]

The development of Pl-based shape memory polymers
(SMPs) for space applications is currently of great interest.2>-28]
Such applications include large-area flexible electronics, deploy-
able structures and devices for use in a lunar base, deployable

Adv. Mater. 2019, 31, 1807738

1807738 (2 of 15)

www.advmat.de

Irina Gouzman received her
Ph.D. degree in physical
chemistry in 1999 from the
Technion-Israel Institute of
Technology. Her research
interests are in the areas

of applied surface science,
nanodiamond films
deposition, and materials
characterization by a variety
of electron spectroscopy
techniques. In 2004-2005,
she spent her sabbatical at the Department of Chemistry
at Princeton University, focusing on high-resolution X-ray
photoelectron spectroscopy studies of interface chemistry,
mainly in the field of self-assembled monolayers of organic
films on electronic materials. Currently, she is the head of
the Space Environment Department at Soreq NRC and a
board member of the Israel Vacuum Society.

Eitan Grossman received his
Ph.D. degree in materials
engineering in 1986 from
Ben-Gurion University in
Beer-Sheva, Israel. His
research interests include
interaction of space
environment components,
such as atomic oxygen,
hypervelocity debris impact,
and ultraviolet and ionizing

il radiation, with materials. He
specializes in polymers and surface analysis techniques, with
emphasis on scanning probe microscopy. In 2005—2006, he
spent a sabbatical year at the University of Chicago, studying
photochemical reactions and gas transport mechanism in
polymers. After heading the Space Environment Department
for several years, he currently holds the position of Deputy
of the Technology Division at Soreq NRC.

solar batteries, solar sails, and sun shields for the next genera-
tion of space telescopes. SMPs and shape memory polymer-
based composites (SMPCs) are smart materials that can be
converted into a temporary shape and then restored to the
original shape under an external stimulus such as heat, elec-
tromagnetic or electrical fields, light, and chemical vapors or
liquids. The shape memory effect (SME) of SMPs is usually
explained by a dual-phase mechanism: a permanent phase
that consists of the nodes of macromolecule segments related
to physical or chemical crosslinks, and a reversible phase that
consists of the molecular chains. In order to avoid inadvertent
triggering, the glass-transition temperature, T,, of the SMP
should be higher than the ambient temperature. Hence, shape
memory PlIs with different T, values are needed for different
environments and temperatures. For thermoplastic shape
memory PI, the reversible phase originates from the aromatic
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Figure 1. The dependence of AO erosion of POSS-PI samples on the
POSS concentration. Inset: Schematics of a) Pl monomer and b) TSP-
POSS molecule. Reproduced with permission.*®l Copyright 2011, Tel-Aviv
University.

chains with flexible elements in the backbone, while the fixed
phase is based on the high-molecular-weight chains forming
the physical crosslinks. Thermoset shape memory PIs have
higher T, and storage moduli and better shape fixity compared
to their thermoplastic counterparts due to their low-density
covalent crosslinking.””! Shape memory composites (SMCs)
can be formed by either using SMP matrices or by integrating
parts made of SMPs. Flexible composite skins over a shape
memory foam core can be used to obtain a composite sand-
wich that can be shaped to reduce its volume or to change its
stiffness.’)

3. Modification of Polyimides for
Survivability in LEO

One of the major design concerns for the external satellite
materials in LEO is protection against AO erosion.3%31l PIs,
like other hydrocarbon-based polymers, are very sensitive to
AO attack and require protective coating. For example, PI sur-
faces coated with SiO, show AO erosion yield lower than 1%
of those of bare PI. Tagawa et al.’? evaluated the minimal
thickness of amorphous 0~SiO, protective coating required to
avoid bulk diffusion of AO in LEO by measuring the thickness
of the oxide layer formed on Si(001) wafers under a hyper-
thermal AO beam. A few nanometers thick coating was found
efficient. The diffusion length of AO in 0~SiO, increased as
the temperature was raised within the tested range of 24 to
220 °C, as well as with increasing beam flux. These findings
suggest that a thicker coating is required to prevent AO diffu-
sion in LEO, where high AO flux exists. However, defects in the
protective coating, either inherent or produced by hypervelocity
impacts, will result in oxygen penetration and will permit accel-
erated AO erosion of the underlying polymer, a phenomenon
known as undercutting.33** AO undercutting of protected
Kapton has been extensively studied, both experimentally and
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theoretically.’>3 Various protective coatings have been devel-

oped, with emphasis on their electrical properties. For example,
indium tin oxide (ITO) is used in applications where electrostatic
discharge (ESD) protection is essential.’”} We have applied TiO,
and SnO, coatings on Kapton films by the liquid phase deposi-
tion (LPD) process.133-4% Minton et al.*!! studied the efficacy of
atomic layer deposited (ALD) Al,0; and TiO, coatings in pro-
tecting Kapton H, FEP Teflon, and poly(methyl methacrylate)
(PMMA) films from AO and VUV attack. While the alumina
ALD coatings protected the underlying substrates from AO
attack, titania coatings also protected the substrates from VUV-
induced damage. Man et al.*?l modified the surface of Kapton
by low-concentration NH3;-H,O and silicon coupling agent
to improve the polymer surface wettability. Consequently, the
adhesion between the Kapton substrate and TiO,/SiO, mul-
tilayer coatings prepared by a sol-gel process was improved.
Unfortunately, all ceramic coatings could be damaged and
cracked by either handling on Earth or thermal cycling, as well
as by micrometeoroid and debris impacts in space, thus leaving
the underlying material subjected to AO attack.[*’]

An alternative favorable approach for fabrication of LEO-
durable polymers is the development of advanced hybrid
materials that possess self-passivating ability in an oxidative
environment. This can be done by incorporation of polyhedral
oligomeric silsesquioxane (POSS) into the polymeric chains,
forming organic-inorganic hybrid copolymers and blends.[*3->1
Incorporation of POSS into PI films has significantly decreased
the erosion yield of PI due to formation of SiO, passivation
layer. The SiO, passivation layer formed by surface interaction
with AO prevents further erosion of the polymer (see Figure 1).
This means that AO erosion through inherent or space debris
impact-induced defects will be prevented by self-passivation.

We have studied the effects of simulated hypervelocity debris
and AO on PI and POSS-PI nanocomposite films. Kapton HN
films were exposed to aluminum flyers with impact velocities
as high as 2.9 km s™! using a laser-driven flyer (LDF) ground

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

simulation facility.’ Fractography showed a change in the film
fracture mode from brittle to ductile when the Kapton film
thickness was increased from 25 to 125 um. The increase in
flyers’ velocity has a similar effect, namely a transition from
ductile to brittle fracture. Impacts at velocities higher than
1.7 km s7! exhibited a mixed fracture mode: the central impact
regions were characterized by ductile-type fracture due to
higher strain rate, while the outer regions were characterized by
brittle cracking since they were subjected to a lower strain rate.
A model was suggested to explain this behavior based on the
developed impact temperature relative to the film's T,. Tt should
be noted that the exposure of PI films to hypervelocity impacts
by other types of flyers, e.g., SiO, microparticles originating
from silicone contaminants outgassed from silicone adhesive
and AO irradiated to form these SiO, microparticles,>! should
also be studied.

Next, we studied individual and synergistic effects of ultra-
high-velocity impacts and AO on PMDA-ODA PI films.’
Following hypervelocity impact and subsequent exposure to
oxygen RF plasma, which simulates AO in space, a synergistic
erosion effect was observed. The accelerated degradation of the
PI was manifested mainly by the formation of new AO-induced
macro-holes. These holes were observed in a radial star-like
pattern around the initial impact zone. This phenomenon was
explained by the formation of residual tensile stresses around
the impacted area. The residual stresses, in turn, generate a
local increase in the polymer’s free volume. The latter could
enhance oxygen diffusion into the polymer, which accelerates
the localized high-rate degradation of the material. We also
studied the combined effect of simulated hypervelocity debris
impact and AO exposure on the degradation of blends of trisi-
lanolphenyl (TSP)-POSS and PMDA-ODA PL5S The POSS
(15 wt%)-PI films were more resistant to both debris impact
and AO exposure after impact. This durability was attributed
to a combination of low residual tensile stresses and formation
of an oxide passivation layer.’>* The POSS content affects the
mechanical properties and the fracture mechanism of POSS-
PI nanocomposites.*’ The formation of POSS aggregates was
found to be the main factor that influences the nanocomposite
mechanical properties. POSS aggregates were created by either
physical phase separation or chemical POSS-POSS conden-
sation reaction. A correlation between the POSS aggregate
parameters and the mechanical properties of the nanocom-
posite was established. We suggested a model describing for-
mation and coalescence of voids during tensile tests in order to
understand the influence of the POSS content on the POSS—PI
mechanical response.*”] Tt was shown that POSS-PI typically
exhibits higher susceptibility to hypervelocity impact than pure
PI under extreme temperature conditions (between —60 and
100 °C). This was evident by the formation of a larger perfora-
tion area through film shearing, as well as aggregate debonding
and voids coalescence during hypervelocity impact. Vulner-
ability of the POSS-PI film to shearing at low temperatures
(60 °C) was explained by the lower degree of chain mobility
and higher stress concentrations that developed at the POSS-
aggregates’ debonded sites. The shearing effect of the POSS-PI
film at high temperatures (100 °C) during hypervelocity impact
was attributed to the higher chain mobility, which allows a
faster coalescence of the voids that had formed at debonding
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sites. Void coalescence accelerates film shearing by hyperve-
locity impact.*®l Void coalescence may also be facilitated by a
decrease in T, as POSS loading is increased, possibly due to a
plasticization effect of the POSS molecules.’]

POSS-PI copolymers have demonstrated excellent dura-
bility to hyperthermal AO attack as proven by both laboratory
tests and in-flight exposures within the materials interactions
space station experiments (MISSE) conducted onboard the
International Space Station (ISS). Minton et al.b! have com-
pared the erosion yield of blends of POSS monomers with a
PI to the erosion yield of POSS-PI copolymers. It was found
that the main factor affecting the erosion yield of the POSS—PI
materials is mainly the wt% of the silicon-oxygen cage, while
the chemical nature of the POSS monomer bonding to the
polymer backbone, i.e., chemically copolymerized or grafted,
or physically blended, has a minor effect. Comparison of the
erosion results obtained by ground hyperthermal AO beam
tests to those obtained from space flight and at similar AO flu-
ences indicates that the hyperthermal AO beam exposure faith-
fully simulates the AO effects observed in LEO environment.*3!
POSS-PI copolymers with a POSS cage content of as high as
7 wt% revealed an excellent AO resistance with no adverse
effects on either the thermal or mechanical properties. There-
fore, POSS-PI can be recommended as an ideal alternative
for Kapton on the spacecraft exteriors in LEO. It has also been
suggested to incorporate both POSS and phosphorous into the
main chain of the P1.’® This phosphorous addition resulted in
both increase of T, and enhanced thermal stability. Song et al.
reported that the AO erosion yield was reduced to 51.9% of that
of 3.17 wt% POSS-PI nanocomposites when the phosphorus
concentration was 1.61 wt%. This was related to the presence of
phosphorus-containing bis(4-aminophenoxy)phenyl phosphine
oxide (DAPPO) monomer in the phosphorus-containing PI-
POSS hybrid, and the formation of a passivating phosphate and
metaphosphate surface layer after AO exposure.P®!

Photocurable silsesquioxanes (RSiO;s) are a new type of
organic-inorganic hybrid materials that consist of photoini-
tiated polymerizable groups (organic components) incorpo-
rated in silsesquioxane frameworks (inorganic components)
as multifunctional groups at the intramolecular level. Photo-
curable silsesquioxane coatings on PI films have been devel-
oped. They were applied using the roll-to-roll wet-coating
technology and showed excellent resistance to AO, electron
beam, and UV irradiations, thermal cycles, and high-temper-
ature vacuum conditions.’”) Hybrid POSS-containing coat-
ings have also been suggested, including polysiloxane/POSS
hybrid coatings on Kapton.[®¥) The AO erosion yield of the
coated Kapton was 2 orders of magnitude lower than that of
pristine Kapton. Another approach was suggested by Zhang
and co-workers, 12 who prepared a space-survivable PI with
outstanding thermal stability, high optical transparency, decent
mechanical strength, suitable elongation to fracture, and
exceptional AO erosion resistance by first synthesizing hyper-
branched polysiloxane (HBPSi), and then incorporating HBPSi
into PI chains via copolycondensation reactions. During expo-
sure of HBPSi PI to AO, the organic PI at the surface was first
degraded, and a silica protective film ultimately formed, thus
enabling the surface to “self-heal.” A percolation threshold of
HBPSi addition to attain the appropriate AO durability upon
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AO exposure was observed and was attributed to the quick
formation of a dense silica passivation layer on the surface at
high HBPSi content. The same group later studied the AO
durability of eight Si-containing PI thin films.[%3 These films
showed high thermal stability and better AO resistance, but
also a somewhat inferior mechanical performance compared to
pristine PI. It was shown that Si-containing units with higher
oxidation states and higher Si/O atomic ratio were better in
improving the AO resistance. In some cases, the oxidation
state of Si had a more profound effect on the AO resistance
than the Si concentration. Qi and Zhang!®! prepared a series
of PI/SiO, hybrid foams by the sol-gel process. Aminopropyl-
triethoxysilane (APTEOS) was used as the coupling agent to
improve the compatibility between the PI matrix and SiO,. The
hydrogen bonding between the PI matrix and the SiO, limited
the molecular mobility and improved their interfacial adhe-
sion. The thermal stability, storage modulus, glass-transition
temperature, and dielectric constant of the hybrid foams were
enhanced by incorporation of SiO,. The AO erosion perfor-
mance of the hybrid foams was also enhanced due to the for-
mation of a SiO, protective layer on the surface of these foams
following AO exposure.

Reactive molecular dynamics (MD) simulation has been
used to investigate the initial effects of AO irradiation on
PI, POSS, POSS-PI, amorphous silica, Teflon, graphene,
and CNTs in a PI matrix.[0>%] The role of impact energy,
the composition of the material, and its temperature were
also evaluated. It was found that a decrease in the local tem-
perature evolution in materials during AO irradiation can
increase the material stability.®” Rahmani et al. claim that
the normalized mass loss, surface damage, and AO penetra-
tion depth are affected by the PI composite fillers concentra-
tion and orientation.l®® PI systems with randomly oriented
CNTs and graphene were found to be more stable compared
to those with aligned CNTs and graphene at the same nano-
particle concentration. This difference was attributed to the
amount of exposed PI on the material surface in each case.
Other types of nanofillers theoretically studied were pris-
tine POSS and Pl-grafted POSS. It was found that grafting
the POSS and increasing the POSS concentration from 15 to
30 wt% resulted in a better AO durability, by a factor of about
4 and 1.5, respectively. The increase in durability is explained
by a better dispersion of PI-grafted POSS in the PI matrix com-
pared to that of the pristine POSS.%¢!

4. Polyimide—Carbon Nanocomposites

Recent advances in the development of nanomaterials with
exceptional mechanical properties, such as CNTs and 2D- and
3D-graphene, have led to substantial attempts to use them as
reinforcements in polymer matrices.®”%] Besides excellent
mechanical properties, these materials provide electrical con-
ductivity, which is required in order to prevent ESD in polar
LEO and GEO orbits.

PI films are electrically insulating, thereby enabling charge
accumulation and eventually ESD, which introduces a threat for
spacecraft electronics under exposure to space plasma. One of
the novel approaches to attain ESD protection of PI films is to
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incorporate electrically conducting additives, such as CNTs[®~71]

or graphene, into the PI matrix.

4.1. Carbon Nanotubes

Although CNTs were introduced over two decades ago, their
application in space missions remains a challenge. CNT poten-
tial for space systems and the technological gap that must be
overcome for their application have been recently reviewed.[%!
CNTs have been used for ESD protection in the form of
an electrically conductive CNT-based sheet material (rather
than as additive material) incorporated into NASA’s Juno
spacecraft.’>73]

Compared to other conductive additives, CNTs have key
advantages thanks to their enormously high aspect ratio and
high conductivity, which allow using lower additive concen-
trations. Common incorporation methods are based on dis-
persion of CNT powder in polymer matrices by means of
sonication[®717477] and functionalization(®®’®7’] to improve
homogeneity. However, these incorporation procedures fre-
quently end in significant degradation of the CNTs’ electrical,
thermal, and mechanical properties.”® Additionally, due to the
strong van der Waals forces, CNTs tend to agglomerate into
bundles in the polymer matrix. Improving the electrical con-
ductivity of the composite material by increasing the CNT con-
tent is also problematic because the formation of homogeneous
dispersions and the removal of large volumes of solvents are
not easy. Consequently, the mechanical properties of the final
composite are often degraded.”?5")

Recently, electrically conductive and highly aligned multiwall
CNT (MWCNT)-PI nanofibrous composites were fabricated
using the electrospinning technique and incorporating
poly(ethylene oxide) as the dispersing medium.!®! Functional-
ized 3 and 9 vol% MWCNTs were uniformly dispersed on the
surface of PI nanofibers, as shown in Figure 2a. Liao et al. fab-
ricated PI nanocomposites with CNTs and graphene oxide as
fillers by in situ polymerization.[®? Figure 2b presents an SEM
image of the lamellar structures in the cross-section of the
composite film, where no obvious agglomeration of the CNTs
and graphene is observed. This is due to the solvent-exchange
method that facilitated the uniform distribution of CNTs with
graphene oxide in the PI matrix.

Recently, new methods have been developed to enable con-
trol over the CNT dispersion within polymer matrices without
damaging the CNT structure. One of the promising techniques
uses polymer solution infiltration into CNT sheets grown by
chemical vapor deposition (CVD).’>%I Using this method,
agglomeration is prevented since the CNTs are fixed to a sub-
strate and, hence, their location and orientation are inherently
preserved. The infiltration method is effective in producing
CNT composites with high loading levels®®%% and avoiding res-
idues of solvents or surfactants. Furthermore, by prepatterning
the catalyst on the substrate, it is possible to grow CNTs with
desired architectures. 839091

In our recent studies, conductive CNT-PI composite films
were prepared by infiltration of polyamic acid into entan-
gled CNT sheets that were grown by CVD.2l The role of the
PI matrix is to enhance the mechanical stability and provide

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Figure 2. a) SEM image of the surface of Pl nanofibrous composite with 3 vol% MWCNTs. Reproduced with permission.B! Copyright 2014, AIP
Publishing. b) SEM image of the cross-section of CNT—graphene oxide~Pl nanocomposite. Reproduced with permission.? Copyright 2017, Elsevier.
c) Optical image of a CNT-POSS-PI film. Inset: Flexible freestanding CNT-POSS—PI film wrapped around a 2.9 mm diameter glass tube. Reproduced
with permission.® Copyright 2015, American Chemical Society. d) HRSEM image of the CNT-POSS—PI film surface. Reproduced with permission.?l

Copyright 2015, American Chemical Society.

robustness and flexibility to the composite film. The CNT struc-
ture that provides the electrical conductivity was used in the as-
grown sheet configuration, without any additional treatments
for improvement of wettability or homogeneity. The resulting
CNT-PI composites possess high isotropic electrical conduc-
tivity and good anticipated durability in GEO environment.
However, they are expected to erode when exposed to AO in
LEO. Therefore, in order to reduce the erosion of the CNT-PI
composites, POSS—PI replaced the pure PI, resulting in highly
AO-resistant CNT-POSS-PI films.[%}]

Two representative macroscopic images of CNT-POSS-PI
freestanding films are displayed in Figure 2c. The flexibility
of the freestanding composite films is demonstrated in the
inset, which shows the CNT-POSS-PI film wrapped around a
2.9 mm diameter glass tube. The typical surface morphology
of a CNT-POSS-PI film observed by high-resolution scanning
electron microscope (HRSEM) is presented in Figure 2d, dem-
onstrating homogeneously distributed CNTs in the PI-based
matrix.

4.2. Graphene

Another proposed conductive additive is based on novel 2D
material, e.g., graphene. 3D foam-like materials have been
suggested recently as a new means of transforming 2D gra-
phene into 3D shapes.” These 3D porous materials preserve
many of the unique properties of their constituent 2D mate-
rial, while establishing a bulky, flexible, ultralight 3D network.
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3D-graphene (denoted as 3D-C) has an interconnected structure
that consists of multilayer graphene.”>! It was found as a filler
that effectively improves the electrical and thermal characteris-
tics of polymers. 3D-C has the benefits of high specific surface
area, high mechanical strength, and excellent thermall®” 8] and
electrical® transport kinetics. Its possible applications include
stretchable electronics,®*%! energy storage,'% and chemical
and mechanical sensing.!°1%2 Jia et al.!% demonstrated the
effectiveness of 3D-C as a filler material in epoxy, increasing the
composite conductivity by 12 orders of magnitude, to 3 S cm™.
This was achieved by using a 3D-C structure containing roughly
four graphene layers, which is equivalent to 0.1 wt% filler con-
tent. Meng et al.1% have shown the use of an interconnected
PI-supported 3D graphene structure as a basis for flexible elec-
trodes for lithium-ion batteries. Recently, Yoonessi et al.l'%%!
produced a graphene-PI nanocomposite containing well-
dispersed graphene nanosheets. The maximum conductivity
achieved was 0.96 S cm™ at a filler content of 5 vol%. This
value is three times lower than the conductivity achieved using
3D-C with similar and lower loading fractions.[19>1%l There-
fore, the 3D-C interconnected graphene structure presents
several advantages over other conductive nanofillers such as
CNTs, metallic nanoparticles, and graphene flakes. Thanks to
the interconnected structure, there is no need to increase the
filler fraction in order to pass a percolation limit to reach high
electrical and thermal conductivities. In addition, traditional
powder nanofillers tend to have inhomogeneous distribution,
aggregation, and limited filler fraction due to their effect on the
structural integrity of the polymer matrix. Fillers incorporation
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Table 1. Comparison of the thermal conductivity of various reported filler—PI composite film
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5.1106]

Filling factor Thermal conductivity [W m™ K] Normalized increase per 0.1% filling factor Ref.

[wt%] [vol%] Bare PI Filled PI [wt9%] [vol%]
SiC nanowires on graphene 7 0.25 0.577 0.0047 [109]
i 0.25 2.63 0.022 [110]
MWCNTs 3 0.18 0.25 0.0023 [111]
BN-c-MWCNTs 3 0.18 0.38 0.0067 [
Silver particles 45 0.2 15 0.033 [114]
BN 30 0.18 1.2 0.0034 [113]
Aluminum nitride nanoparticles 30 0.22 0.6 0.0013 [115]
10 0.26 032 0.0006 M2
3D-C 0.35 0.3 0.15 1.7 0.443 0.5167 [106]

might lead to different effects, including bending, curling,
cracking, displacement, and delamination.['%7-108]

In our recent studies, highly conductive 3D-C/PI (i.e.,
3D graphene with PI) composite films were developed.['%
This composite demonstrated stable long-term reliability in
ground-based simulated space environment tests. Its electrical
and thermal properties, as well as aging effect under various
bending and thermal cycles, were also investigated. 3D-C-
infused PI films were found to retain the excellent electrical
and thermal conductivity of the 3D-C. This material passed the
space environment qualification tests; thus, it can be used as
an ESD shielding protection with proven long-term stability.[1¢!
The incorporation of 3D-C in PI matrix improves the PIs’ elec-
trical and thermal conductivities by up to 10 orders of mag-
nitude, to roughly 3.5 Q 0! and 1.7 W m™! K., respectively.
The thermal conductivity of PI with various fillers is shown
in Table 1 in comparison to the thermal conductivity of 3D-C/
P1.I'%I The fillers include graphene,[1%119 CNTs, "'l and metal
particles.[112-115]

The images in Figure 3 show different graphene-PI com-
posites. Figure 3a displays a bare 3D-C foam and a homoge-
neously distributed PI along the 3D-C matrix achieved in our
recent work.'% Figure 3b shows HRSEM cross-section images
of both bare and Pl-infiltrated 3D-C. It is evident that the entire
highly porous structure of 3D-C has been completely filled
with P11 Figure 3¢ shows a scanning tunneling microscopy
(STM) image at atomic resolution of the 3D-C with a hexagonal
symmetry modulation of 0.246 nm periodicity.'%! Figure 3d
shows an SEM image depicting the interconnected macro-
porous structure of the 3D-C/PI electrode produced by Meng
et al.'% Figure 3e shows a low-magnification transmission
electron microscope (TEM) image revealing the dispersion of
the graphene layers and stacks in the nanocomposite produced
by Yoonessi et al.,l'%] with graphene concentration of 1.23 vol%.
Both high particle number density of the graphene layers and
stacks were evident.

4.3. Space Durability of Polyimide-Carbon Nanocomposites
The space durability of the aforementioned Pl-carbon nano-

composites was investigated, focusing on the AO erosion and
electrical conductivity for ESD prevention, as described below.
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Yuan et al.®! reported preparation of solution-casted PI nano-
composites with a maximal MWCNT content of 30 wt%, and
improved electrical and mechanical properties. As shown in
Figure 4a, the electrical conductivity of the MWCNT-PI com-
posites reaches a value of 38.8 S cm™ at nanotube concentration
of 30 wt%; the MWCNT content for attaining the composite’s
conductivity percolation threshold is 0.48 wt%. These are, cor-
respondingly, the highest and among the lowest values reported
for any conventional solution-processed nanotube composite.

The conductivity of the graphene nanosheet-PI composite
produced by Yoonessi et al.l'®! is shown in Figure 4b as a
function of the graphene volume fraction. The results indicate
that the percolation transition to a conducting nanocomposite
occurs at a graphene concentration of 0.03 vol%, and that
the maximal conductivity (0.94 S cm™) is attained at higher
graphene concentration (5 vol%). This value is three times
lower than the conductivity achieved using our 3D-C/PI and
3D-C/epoxy with either similar or lower loading fractions.[19310]

Our recent works reported the sheet resistance of various
PI nanocomposites with different fillers—3D graphene, CNT,
and POSS (5 and 15 wt%)—as a function of temperature.[>1%
The results obtained using a four-point Hall/resistivity system
and the van der Pauw method indicate that the PI-based nano-
composites well satisfy the antistatic criterion, which is essen-
tial in space applications.l''®l Figure 4c shows that the sheet
resistance of the CNT-POSS-PI films is roughly 200 Q 0!
at room temperature (RT), about 25% higher compared to a
pristine CNT film, and one order of magnitude higher than
other CNT-PI composites presented in Figure 4a (14 wt%,
13.3 S cm™). Figure 4c also shows that the sheet resistance of
the 3D-C/PI films is roughly 4 Q 07!, 2 orders of magnitude
lower than that of CNT-POSS-PI films, but still 12.5% higher
compared to the pristine 3D-C foam. Moreover, the PI infiltra-
tion into the CNT or 3D-C did not cause any parasitic effect on
their intrinsic electrical conductivity. The electrical conductivity
mechanism of both CNT-PI and 3D-C/PI films was reported to
best fit the variable range hopping (VRH) model by Godet (see
Figure 4d)[17-119

o (T)=0"T " exp(~(T,/T)"") (1)

where 0% is a constant, Ty'/* is the slope of the trend line of an

Arrhenius curve of In(6T'/?) versus T-'/* (shown in Figure 4d),
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Figure 3. Microscopic images of graphene—Pl composites. a) Optical image of the bare 3D-C and the nanocomposite film. Reproduced with
permission.['% Copyright 2015, Wiley-VCH. b) HRSEM cross-section images of bare 3D-C and 3D-C/P!I film. Reproduced with permission.['% Copyright
2015, Wiley-VCH. ¢) Inverse fast Fourier transform (FFT) of an STM atomic-resolution image of the 3D-C, showing the triangle lattice characteristic
of the coupling between the upper graphene layer and the layer beneath (30 mV, 2 nA). Inset: A line scan (indicated as a black dotted line in the main
figure) shows a distance of 0.246 nm between each individual atom. Reproduced with permission.['%l Copyright 2015, Wiley-VCH. d) SEM image of a
3D reduced graphene oxide (RGO)/PI cross-section. Vertically aligned Pl nanoflakes are observed on the 3D-RGO. Reproduced with permission.['%
Copyright 2014, Royal Society of Chemistry. ) TEM image of a graphene—P| nanocomposite, showing the local dispersion of the graphene nanosheets

and expanded graphene clusters and fractal. Reproduced with permission.['%] Copyright 2017, American Chemical Society.

and o is associated with sample conductivity (S cm™). o was
calculated as the inverse value of the multiplication of the sheet
resistivity and the thickness.

As mentioned above, carbon-based materials might be
eroded when exposed to AO, the dominant species at LEO alti-
tudes. Rahmani et al.l%l found that a PI system reinforced with
randomly oriented CNT or graphene nanoparticles exhibits
a higher resistance to AO compared to some other systems.
For example, the theoretically simulated normalized mass loss
(mass loss was normalized with respect to the initial total mass
at to) as a function of fluence is shown in Figure 5a for pristine
PI and PI systems loaded with POSS, as well as randomly
oriented and aligned graphene and CNT nanoparticles with a
concentration of 15 wt%.

Novikov et al.'?% reported results of ground-based
simulation of AO influence on samples of PI composites with
different fillers (polyorganosiloxanes, MWCNTs, detonation
nanodiamonds (DNDs), and inorganic nanoparticles of Al,Os3,
TiO,, and WC). Two types of polyorganosiloxanes were used.
The first one is a hyperbranched polyetoxysiloxane (HPES),
a globular structure with a high content of ethoxy groups
(-OC,Hs) capable of subsequent transformations. This

Adv. Mater. 2019, 31, 1807738

1807738 (8 of 15)

structure is virtually free of cyclic fragments. The second one,
amorphous silica sol (SS), is a high-temperature hydrolysis
product of HPES. The calculated mass erosion yields R, for PI
samples with different fillers (3 wt% content) exposed to AO
fluence of 6.0 x 10%° atom cm™2 were =2 X 10%* g O-atom™!
for the polyorganosiloxanes and =3.5 x 1072* g O-atom™ for
the inorganic particles. Polyetoxysiloxanes as fillers in PI
composites provided lower mass erosion yield in comparison
with inorganic particles. One can argue that these results are
the outcome of the tendency of inorganic nanoparticles to
agglomerate due to van der Waals forces instead of chemical
bonding (as for polyetoxysiloxanes). The graph in Figure 5b
presents calculations of the reduction in mass erosion yield
for PI composites with pristine MWCNTs (PI-CNT1), func-
tionalized MWCNTs (PI-CNT2), and DNDs as fillers. Smaller
values of mass erosion yield were obtained with functional-
ized CNTs in comparison with pristine CNTs and DNDs due
to their stronger interaction with polymer chains, which led
to a better dispersion in the polymeric matrix. Additionally, it
can be seen that reduction of the erosion yield for most sam-
ples was =10-20%, which is relatively small in comparison
with polyorganosiloxanes.
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Figure 4. Electrical characterization of Pl-based nanocomposite films. a) Log DC conductivity for MWCNT-PI composites, measured at room
temperature, as a function of the MWCNT mass fraction. The inset shows the fit to the conductivity data for determination of the percolation
threshold. Reproduced with permission.®) Copyright 2011, American Chemical Society. b) DC conductivity of the Pl—graphene nanocomposites. The
inset shows fit of the data to the power law predicted by the percolation theory. Reproduced with permission.l'%! Copyright 2017, American Chemical
Society. c) Sheet resistance of bare 3D-C, 3D-C/PI, pristine CNT sheet, and CNT-POSS-PI films (0, 5, and 15 wt% POSS content) at a temperature
range of =160 to 200 °C.>>1%I | egend is given in (d). Reproduced with permission.% Copyright 2015, Wiley-VCH. d) Fit of the data in (c) to the VRH

model.1>1%] Reproduced with permission.'%l Copyright 2015, Wiley-VCH.

We reported a ground-based AO exposure of CNT-POSS-PI
films (0, 5, and 15 wt% POSS) to different AO fluences, in the
range of 6.0 x 10! to 2.9 x 102° O-atoms cm™2. The erosion
yield of the CNT-POSS-PI films was determined as a function
of AO fluence (Figure 5c¢), and was compared to the accepted
erosion yield of Kapton H.!'2!l The erosion yield of CNT-PI
films was found to be 4.7 x 1072* cm?® atom™ (56% higher
than the erosion yield of Kapton H), and was not affected by
change in the AO fluence. The erosion yield of CNT-POSS—
PI films decreased drastically with increase of the AO flu-
ence due to O atom—induced formation of a passivation layer.
The ultimate erosion yield of the CNT-POSS-PI films with
5 and 15 wt% POSS content was estimated as 1.3 x 1072* and
3.1 x 1072 cm? atom™ (43% and 10% of the erosion yield of
Kapton H), respectively. Therefore, a 20 um thick CNT-15 wt%
POSS-PI film is anticipated to function for more than 10 years
in LEO.

The change in electrical resistivity of CNT-POSS-PI films
as a function of AO fluence is drawn in Figure 5d. The resis-
tivity of the CNT-PI film increased considerably upon exposure
to AO, which can be explained by damage to the conductive
CNT network. However, the CNT-POSS-PI films (5 and
15 wt% POSS) exhibited an almost constant electrical resis-
tivity after AO attack, thanks to the AO-induced passivation
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layer that protected the CNT network. Overall, the addition
of POSS to the CNT-PI films establishes a novel class of self-
passivating advanced materials resistant to both AO attack and
ESD.

The morphology of the eroded CNT-POSS-PI films is
shown in Figure 6.%! The PI matrix of POSS-free films
exposed to AO fluence of 6.0 X 10'? O-atoms cm~2 was eroded,
leaving a somewhat damaged bare CNT network (Figure 6a)
due to the higher erosion yield of PI compared to CNTs.
Although relatively AO resistant, the CNTs were damaged,
as indicated by the truncated CNTs. Figure 6b,c, respectively,
shows HRSEM images of the CNT-POSS-PI films with
5 and 15 wt% POSS after exposure to the same AO fluence.
These images reveal a different erosion pattern compared to
the CNT-PI film, which is characterized by clusters rather
than bare nanotubes. The CNT-POSS-PI films exposed to
2.3 x 10%° O-atoms cm™ (5 and 15 wt% POSS, Figure 6e,f,
respectively) show a similar clustered structure, and appear
black in the macroscopic images (insets). Both 5 wt% and
15 wt% POSS-containing films demonstrate larger clusters as
the AO fluence is increased. On the other hand, the CNT-PI
film exposed to the same fluence (2.3 x 10?° O-atoms cm™2)
appears yellowish-brown in the macroscopic image (see
inset), indicating a complete erosion of the CNT-PI layer
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Figure 5. Influence of AO exposure on Pl-based nanocomposites. a) Reactive molecular dynamics simulation of the normalized mass loss for both
pristine Pl and PI-POSS, as well as randomly oriented and aligned graphene and CNT nanoparticles (15 wt%). Reproduced with permission.[l
Copyright 2017, American Chemical Society. b) Calculated reduction in mass erosion yield as a function of filler content for PI composites with bare
MWCNTs (PI-CNT1), functionalized MWCNTs (PI-CNT2), and DNDs as fillers. Reproduced with permission.[2% Copyright 2016, American Institute of

Aeronautics and Astronautics. c) Erosion yields of CNT-POSS-PI films (O,

5, and 15 wt% POSS content) and Kapton H as a function of AO fluence.

Reproduced with permission.®3l Copyright 2015, American Chemical Society. d) Electrical sheet resistivity changes of CNT-POSS-PI films (0, 5, and
15 wt% POSS content) as a function of AO fluence. Reproduced with permission.l®l Copyright 2015, American Chemical Society.

(Figure 6d), showing the remaining PI layer (and no apparent
CNTs). The CNT-POSS-PI cluster formation resulting from
oxidation of the POSS is characterized by a change in the
Si:O atomic ratio, from 2:3 (in POSS) to 1:2 in SiO,. The
so-formed SiO, serves as a stable protective layer against AO
attack.

5. 3D Polyimide Structures

5.1. Thermoforming

Thermoforming is an innovative approach, targeting the pro-
duction of lightweight space-qualified mechanisms. It is based
on transformation of 2D PI films into 3D structures by means
of a thermal treatment.'??l This novel process can expand the
use of PI toward new space applications, such as lightweight
springs and actuators. Figure 7a shows 3D thermoformed hel-
ical, angular, and cylindrical shapes that can be further used
as Pl-based moving mechanisms. Since space-qualified sys-
tems may be stowed for extended periods during integration
and preparation for launching, the dimensional stability of the
thermoformed PI elements is of major interest. Accelerated
creep under aging conditions was investigated.l'??l Figure 7b
demonstrates the creep-strain kinetics of thermoformed PI
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films at RT, 40, and 65 °C. The empirical Findley power law
was employed to envisage the creep strain versus time behavior
of thermoformed Kapton.'?3l The creep tests were conducted
during an extended period of about 160 days. During the first
two days, the creep strain instantly increased to 30-40%. After
about 160 days, the final creep values of the thermoformed PI
were 45-55%. This creep data can be used in concrete engi-
neering design of novel devices.

5.2. Additive Manufacturing

Additive manufacturing (AM, also known as 3D Printing) is a
process of depositing materials, typically layer by layer, to man-
ufacture items from a 3D computer-aided design (CAD) model.
Materials and processes for space applications raise several
challenges, including low mass requirement, small production
series, challenging material procurement, very high perfor-
mances, and very high reliability. AM is well-suited for space
applications: it is adaptive to very small series, applicable to
dimensions ranging from tens of micrometers to meters, appli-
cable to a wide variety of materials (polymers, metals, ceramics,
composites, tissues and living cells, food for astronauts, etc.),
allows for complex geometries that could not be manufactured
before, enables reduction of interfaces (e.g., flanges, connectors,
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Figure 6. HRSEM images of CNT-POSS-PI films (0, 5, and 15 wt% POSS content) exposed to LEO equivalent AO fluences of 6.0 x 10" and 2.3 x 102°
O-atoms cm~2 (macroscopic images as insets). All panels reproduced with permission.®3] Copyright 2015, American Chemical Society.
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Figure 7. a) Planar Pl film thermoformed into helical, angular, and
cylindrical profiles. b) Creep strain kinetics of thermoformed Pl films
at various temperatures. All panels reproduced with permission.['?
Copyright 2016, Elsevier.
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cables), allows significant mass reduction, provides perfor-
mance improvement, short lead time, minimal material waste,
and could be used for spacecraft construction and even for in-
orbit manufacturing.['?4

Thus, AM can be regarded as an enabling technology
for future space missions. A recent report!®! is predicting
that the annual value of AM parts in the space industry will
reach $4.7 billion, driving nearly $1 billion in yearly sales of
3D-printing equipment, software, and materials. Space applica-
tions may include, but are not limited to, RF hardware, antenna
components, support elements for solar panels, turbine blades,
thruster nozzles, lightweight structures (e.g., diffusion bonded
titanium honeycomb), joint elements, electronics housing and
mounting, and fabrication and assembly of large space struc-
tures in space or on other planetary surfaces. NASA already is
testing a 3D printer on board of the International Space Sta-
tion.[124126127] In addition, AM is expected to play a significant
role in future planetary exploration missions, such as the “Moon
Village,” a concept proposed by ESA of a village on the Moon
built by massive 3D printers and populated for months at a time
by crews of astronauts. However, before AM can be widely used
in space programs, multiple challenges should first be resolved,
including development of space-qualified printable materials.

The use of polymers in space applications has obvious
advantages. However, at present, the choice of AM-process-
able polymers is relatively limited. All materials going into
space must have the ability to endure temperatures that may
vary from —100 to +100 °C. Fused deposition modeling (FDM)
technology uses a filament that is melted down and extruded
from a print head. Currently, mostly thermoplastic filaments
are used as feedstock in FDM, including acrylonitrile buta-
diene styrene (ABS), polycarbonate (PC), polylactide acid (PLA),
polyamide (PA), and polyetherimide (PEI). Melt-processable
thermoplastic polyimides were also printed using FDM and
laser sintering (LS).l'28-130] Recently, Chuang et al. investigated
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material offerings, such as ABS-ESD7 and & 100+
ULTEM 9085, do not meet all the require- E 80|
ments for space applications simultane- 2 601
ously. Therefore, there is a need for new, 3
advanced polymers for AM. In this line, S 40}
Stratasys has collaborated with industrial 20t
partners to develop ESD polyether ketone

Pl-like ink

= 60 wt.% solid content
* 80 wt.% solid content -

ketone (PEKK). ESD-PEKK combines the
electrostatic dissipative properties from ABS-
ESD7 and the strength and thermal proper-
ties of ULTEM 9085 with the addition of the
PEKK base resin's chemical resistance. This
polymer meets outgassing requirements.

Optomec has a powerful technology for 3D
printing of electronics—the Aerosol Jet. This process uses aero-
dynamic focusing to precisely and accurately deposit nanopar-
ticle inks onto substrates. NASA is investigating the use of this
technology to construct densely populated electronic (detector)
assemblies that are not possible with traditional assembly pro-
cesses. Optomec is currently developing also adaptive laser
sintering system (ALSS), which will enable electronics’ 3D
printing onto a broader range of temperature-sensitive sub-
strates, explicitly for use on board of the ISS in microgravity
settings.[13%]

PolyJet 3D printing by Stratasys operates similarly to inkjet
printing, but instead of jetting drops of ink onto paper, PolyJet
printers jet layers of liquid photopolymers onto a build tray,
which are then cured by UV light. PolyJet’s ability to create
parts of great complexity and use multiple materials makes
it useful for concept models. Engineering polymers, espe-
cially polyimides with their unique mechanical, thermal, and
electrical insulating characteristics, are not commonly used
as inks in inkjet AM technology. Our recent studies resulted
in a groundbreaking development of low viscosity, high
solid content, and environmentally friendly PI-based ink for
PolyJet 3D printing.l'3313% This innovative ink solution was
characterized in terms of viscosity, uniformity, surface ten-
sion, safety, and stability. The solution was found to fit the
constraints and requirements of the Poly]Jet technology, while
the final product retained Pl-specific high thermal stability.
The viscosities of Pl-like ink solutions (60
and 80 wt% solid content) were measured,
as displayed in Figure 8a. The viscosity
of the PI-like ink, around 20 cP, fits the
requirements at temperatures lower than
or similar to the target jetting temperature
(50-70 °C). The jetting and printing at a
relatively low temperature is a great advan-
tage since it allows multi-materials printing
simultaneously. During the heating pro-
cess, the Pl-like ink exhibits an exothermic
reaction at around 320 °C. After postcuring
at temperatures of up to 400 °C, the film
exhibits  thermosetting  characteristics.
The novel Pl-like ink was tested using a
Stratasys 3D printer (Objet500 Connex). For
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Figure 8. a) Viscosity versus temperature of Pl-like ink solutions (60 and 80 wt% solid
content) 33135 b) Printed film in a dog-bone shape. c¢) 1 cm high pyramid printed from a
[131] solution with 80 wt% solid content using a Stratasys 3D Objet500 Connex printer.

the first time, thermally stable PI-like objects were obtained
using the PolyJet Technology (see a printed dog bone sample,
Figure 8b, and a 1 cm high pyramid Figure 8c). This new
ink has great potential for manufacturing complex and light-
weight parts durable and qualified for space applications. The
printed objects retained PI-specific high thermal stability and
high strength, very low outgassing, and radiation durability.
Improved physical properties may be obtained by addition
of either nanoparticles (e.g., nanotubes, nanodiamonds, or
carbon black) or additives of reactive monomers, such as aro-
matic bismaleimides, acrylates, or epoxides.

A few other examples of printing PIs, not necessarily tar-
geted to space applications, have been published. Zhang
et al.'3 reported the continuous processing of inkjet-printed
insulating PI thin films, used as insulating layers in capaci-
tors. The PI ink was prepared from its precursor polyamic acid,
and directly printed onto a hot substrate (at around 160 °C) to
initialize a rapid thermal imidization. Guo et al.'*”] developed
novel photosensitive PI inks for digital light processing (DLP)
AM. They used maleic anhydride-terminated PI oligomer
grafted with glycidyl methacrylate groups in the chain as a
base, vinyl pyrrolidone, lauryl methacrylate, and polyethylene
glycol diacrylate as reactive diluents, and IRGACURE 819 as a
photoinitiator. The decent solubility of the oligomers in reactive
diluents enabled the formation of a solvent-free photocurable
ink for DLP AM. O’Keefe et al.'*! synthesized low-k dielectric

Figure 9. Images of complex, anisotropic 3D structures immediately after printing, using
mask-projection micro-stereolithography (MPUSL). The 3D structures contain 85 wt% N-methyl-
2-pyrrolidone (NMP) solvent. Reproduced with permission.l'3% Copyright 2017, Wiley-VCH.
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nanoparticles consisting of a polytetrafluoroethylene (PTFE)
core and a PI shell for AM of microwave devices. A solution
processed through the electrostatic interaction between PTFE
with negative potential and polyamic acid salt (PAAS, a PI
precursor) with positive potential, followed by thermal imidi-
zation of PAAS, was used. Hegde et al.l'*¥] demonstrated 3D
printing of all-aromatic thermoplastic PMDA-ODA PI using
mask-projection stereolithography, and the preparation of
high-resolution 3D structures without sacrificing bulk material
properties. Synthesis of a soluble precursor polymer containing
photo-crosslinkable acrylate groups enabled light-induced,
chemical crosslinking for spatial control in the gel state. Post-
printing thermal treatment transformed the crosslinked pre-
cursor polymer to PMDA-ODA. Large-area mask-projection
scanning stereolithography demonstrated the scalability of
3D structures. Figure 9 shows “high-resolution” 3D structures
fabricated by a custom mask-projection micro-stereolithography
machine. The layer thickness in this case is 100 um, and the
resolution is on the micrometer scale.

The same group later demonstrated AM of all-aromatic PI
employing stereolithographic AM of PAAS.*Y In this system,
2-(dimethylamino)ethyl methacrylate (DMAEMA) interacted
electrostatically with the PAA backbone, yielding UV-sensitive
PAA DMAEMA salts. Under UV irradiation, TPO initiated
crosslinking of DMAEMA, generating an organogel. After
printing, heating the organogel rendered all-aromatic PMDA-
ODA PI, which was thermally stable at as high as 500 °C.

Polyakov et al.*! prepared by FDM samples of both pure
polyetherimide and polyetherimide with carbon nanofibers.
Introduction of 1 wt% of nanofibers led to increase in
the strength and elastic modulus of the printed samples,
approaching modulus of samples obtained by injection molding.
Rinaldi et al.l'*?! prepared a composite material based on poly-
etherimide, a high-performance thermoplastic PI, as matrix,
and natural diatomaceous earth, either uncalcined or calcined,
as filler. Uncalcined diatomite was also amino-functionalized
by aminopropyldiethoxymethylsilane (APDEMS), in order to
increase its chemical compatibility with the matrix. Mechanical
testing showed a progressive increment of the Young’s modulus
with the filler content, while the tensile strength remained com-
parable to that of plain PEI. The composition based on 5 wt% of
diatomite was selected as the optimal one for composites to be
potentially applied by the FDM AM process.

6. Conclusions

The use of materials in space presents an ongoing challenge
due to longer space missions, which require sustainable
materials with improved properties and enhanced durability
in extreme space environment. Major space hazards include
hyperthermal AO, UV and ionizing radiation, electrical
charging, and hypervelocity impact. This progress report
focuses on extending the survivability in LEO and improving
the performance of Pl-based materials. The durability of Pls
in AO is successfully increased by addition of POSS and for-
mation of self-passivating materials. Addition of CNTs and
graphene to PIs results in formation of conductive nanocom-
posites suitable for space applications. AM or thermoforming

Adv. Mater. 2019, 31, 1807738
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of 3D PI structures allows combining the inherently attrac-
tive properties of PIs with manufacturing freedom. A novel
Pl-based material processed by the PolyJet technology is
demonstrated.
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